ABSTRACT GTP hydrolysis accompanies addition of tubulin to microtubules. I find that hydrolysis is a requirement for the opposite-end assembly/disassembly of microtubules and consequent subunit treadmilling from one end to the other of the polymer. Neither GDP nor guanosine 5'-[fi,y-imido]triphosphate allows or participates in the treadmilling reaction. Therefore, there is a requirement for hydrolysis in the addition of subunits to the favored assembly end of the microtubule. Podophyllotoxin, an assembly inhibitory drug, "caps" the microtubule assembly end, preventing subunit loss from that site to equilibrium. Continued hydrolysis of GTP is required to maintain the podophyllotoxin cap. A corollary of this finding is that GTP hydrolysis is required for cap formation. Microtubules assembled in GTP enter a metastable state when all remaining GTP is hydrolyzed. This state is characterized by its ability to maintain indefinitely a subunit/polymer distribution ratio that is arbitrary and that can be altered at will by brief chilling or by addition of small amounts of GTP. This metastable state is labile to podophyllotoxin. Use of podophyllotoxin allows measurement of the microtubule treadmilling rate; use of podophyllotoxin in the absence of GTP allows measurement of the overall rate of dimer dissociation from the microtubule. Measurement of these rates has permitted determination of the efficiency with which adding dimers incorporate into the microtubule treadmill and are not lost to assembly end equilibrium. The efficiency varies with GTP concentration for unknown reasons, being high at 0.1 mM GTP and low at higher GTP concentrations. GTP binds rapidly and reversably to one exchangeable binding site (E-site) per tubulin subunit (1). During microtubule assembly, the E-site GTP undergoes a hydrolysis step as the subunit adds (2-5); and the GDP that is formed remains tightly bound, nearly one per dimer, in the polymer (3, 4, 6 (7) (8) (9) (10) and, reportedly, GDP (10)], the necessity for a hydrolysis step during assembly has been unclear.
Because nucleotides that are incapable of 13- (7) (8) (9) (10) and, reportedly, GDP (10) ], the necessity for a hydrolysis step during assembly has been unclear.
Microtubules undergo a constant opposite-end assembly/ disassembly mechanism in vitro (6) . At an apparent equilibrium state for the polymer, subunits add at one end [the net assembly or (A) end] at a rate that is greater than their rate of loss at this end. As a consequence, the constant shuttling of subunits from one end to the other of a microtubule has been designated a "treadmilling" mechanism (11) . A similar treadmilling mechanism occurs in actin polymers (12, 13) . It has been suggested that ATP hydrolysis sustains the (A) end steady-state or treadmilling behavior in actin polymers (12) .
I report here that microtubules do not treadmill in the absence of GTP hydrolysis, although net assembly will occur in the presence of p[NH]ppG and a metastable state can be sustained in the presence of GDP. Furthermore, by examining the state of microtubules in the presence of GDP only, I find that hydrolysis creates stability.
When microtubules are assembled with GTP and the GTP in solution is subsequently hydrolyzed, the microtubules maintain a metastable state characterized by a stable polymer-subunit distribution ratio that can nonetheless be shifted about at will. The GDP metastable state is labile to podophyllotoxin (PLN). Conversely, a PLN "cap" which prevents subunit addition or loss at the microtubule (A) end (6) is sustained by continued GTP hydrolysis.
PLN creates an (A) end cap, and complete hydrolysis of GTP removes the cap and allows free dissociation of dimers at both microtubule ends. I have used these observations to measure the efficiency with which dimers are incorporated into the microtubule in a treadmilling manner and are not lost to equilibrium at the assembly end. I find that treadmilling efficiency can be quite high under proper conditions in vitro. This finding increases the probability that microtubule treadmilling has physiological meaning in vivo.
MATERIALS AND METHODS
Preparation of Microtubule Protein. Microtubule protein was prepared from bovine brain by three cycles of temperaturedependent polymerization and depolymerization, essentially by the method of Borisy et al. (14) as modified by Asnes and Wilson (15) . Purification was carried out in 20 mM sodium phosphate/ 100 mM sodium glutamate/1.0 mM MgSO1.0 mM ethylene glycol bis[,B-aminoethyl ether]-N,N,N',N'-tetraacetic acid (EGTA), 2.5 mM GTP, pH 6.75 (PG buffer). All chemicals, except when indicated otherwise, were from Sigma. After the third cycle of polymerization, the preparation was cleaned by centrifugation of microtubules through 50% (wt/vol) sucrose in PG buffer (200,000 X g, 2.0 hr, Beckman 50 Ti rotor, 30°C). Final pellets were stored in liquid nitrogen until used. The pellets used in these experiments contained 75% tubulin and 25% microtubule-associated proteins (MAPs) (16 (6) . RESULTS Hydrolysis Is Necessary for Treadmilling. Hydrolysis of GTP accompanies subunit addition to microtubules. However, assembly of microtubules is not strictly dependent on GTP hydrolysis, and nonhydrolyzable analogs of GTP, GMPPNP and (GMPPCP) will support the formation of polymers apparently indistinguishable in structure from those formed by GTP.
A steady-state behavior of microtubules which involves the net addition of subunits at one end and the net removal of subunits at the other end of the polymer when it is in a state of overall apparent equilibrium has been reported (6) . This unusual behavior of microtubules constitutes an opposite end assembly/disassembly mechanism. Accompanying this process is a constant unidirectional shuttling of subunits from the assembly end to the disassembly end, or treadmilling. A similar process has been observed in actin polymers. Wegner (12) offered the possibility that the treadmilling behavior of F-actin was driven by the continuous ATP hydrolysis that accompanies assembly.
To determine whether the treadmilling behavior of microtubules is dependent on continuous GTP hydrolysis, I measured the ability of dimers to treadmill if they add to a microtubule with either GDP or p[NH]ppG, and therefore without accompanying hydrolysis. To make this measurement I took advantage of the fact that the tubulin subunit readily exchanges GTP at an E-site (1) but that, once in the polymer, the guanine nucleotide (now GDP) is nonexchangeable (3, 4, 6) . Subunit entry and exit from microtubules at steady-state (by determining the rate of uptake and loss of labeled guanine nucleotides) and, therefore, the rate of uptake and loss of the subunits to which they are bound have been measured (6) .
A typical result for microtubules assembled in GTP then pulsed with [3H]GTP at steady state is shown in Fig. 1 . The increment of label in the polymer is linear with time. On the basis of other supporting evidence (6) To determine whether GDP could support the treadmilling reaction, microtubules were assembled to steady state with 0.1 mM GTP and, once the maximal extent of assembly had been reached, all remaining GTP was hydrolyzed to GDP by using 10 mM fructose 6-phosphate and rabbit muscle phosphofructokinase. [This enzyme utilizes GTP with almost the same fa- Finally, label incorporation and protein content were determined for microtubules that were centrifuged through sucrose cushions at the termination of the pulse period. (18) .] Complete hydrolysis of GTP was accompanied by a partial disassembly, after which a stable plateau, as observed by spectrophotometer assay, was reached (see Fig. 5 ). Once this GDP plateau had been reached [3H]GDP was pulsed into microtubule protein aliquots for increasing periods of time, and the protein was then treated the same as in the [3H]GTP pulsing experiments. There was no treadmilling incorporation of GDP into microtubules (Fig. 1) . This result, again, is consistent with hydrolysis as a requirement for treadmilling.
Nature of the PLN Cap at the Microtubule Assembly End. It has been reported (6) that, when added to microtubules at steady state, PLN prevents all further assembly reaction and produces a rate of microtubule subunit loss that is equal to the net disassembly end [(D) end] loss of subunits at steady state as measured in [3H]GTP pulse-chase experiments. Either there is little equilibrium loss of subunits at the (A) end or PLN uniquely stabilizes the (A) end, producing a cap that prevents all further subunit addition and loss at this site (6) .
The possibility that PLN produces a cap is supported by the following experiment. Microtubules were assembled to steady state in 0.1 mM GTP and then pulsed with [3H]GTP for 1 hr. This pulse labels only 7-10% of the microtubule, with all the label adding at the (A) end (6) . In a chase, therefore, one is observing only what happens to (A) end subunits. After the pulse, 50 ,uM PLN was added, along with 2.5 mM GTP for chase, and the fate of the label was followed during increasing times in PLN. After an initial loss of some subunits at the (A) end, a stable plateau was attained (Fig. 2) indeed form at an unknown time within approximately 15 min; before that time, one can observe an equilibrium loss of subunits from the (A) end in the absence of further assembly.
Furthermore, the cap that forms is maintained by continuing GTP hydrolysis, or at least by the continued presence of the triphosphate. When microtubules were treated as above but exposed to phosphofructokinase and fructose 6-phosphate at 15 min after exposure to PLN, the GTP was totally hydrolyzed and the label was not retained in a stable plateau but rather continued to be lost in a relatively linear manner (Fig. 2) .
Measurement of the Efficiency of the Treadmilling Reaction. The ability of PLN to form an (A) end cap and of complete hydrolysis of GTP to destroy the cap can be exploited to measure the relative number of subunits that add at the (A) end and are not lost to equilibrium but continue to treadmill through the microtubule. An expression that describes the efficiency of (A) end subunit addition, in terms of the subunit on and off rate constants at the (A) and (D) ends of a polymer that is treadmilling, has been derived by Wegner (12) : [1] in which k1l is the rate constant for (A) end subunit addition, cC is the critical subunit concentration for assembly, k21 is the rate constant for (A) end subunit loss, and k' is the rate constant for (D) end subunit loss. S is the fraction of a population of subunits that binds at the (A) end and is not lost to equilibrium but proceeds unidirectionally through a polymer. When S = 1.0, treadmilling is completely efficient.
In order to determine S experimentally, one need not determine each of the individual rate constants. The numerator in Eq. 1 expresses the net rate of subunit addition at the (A) end, which is identical to the rate of treadmilling. In turn, for the special case of beef brain microtubules, the rate of treadmilling is equal to the rate of PLN-induced disassembly (6, 19) . Thus, the numerator can be quickly determined by measurement of the rate of mnicrotubule disassembly in the presence of 50 uM PLN. Two physical phenomena must account for the ability of PLN to yield the treadmilling rate. First, beef brain microtubules appear to have a negligible rate of subunit addition at the (D) end at steady-state [which is not the case with sea urchin flagellar outer doublet tubulin reassembly (20) PLN (Fig. 2) . The denominator in Eq. 1' expresses the sum of the rate constants for subunit loss at both the (A) and (D) ends of the microtubule. In order to obtain this value, one may take advantage of the fact that the PLN (A)-end cap is destroyed by the complete hydrolysis of GTP in phosphofructokinase (Fig.  2) . In the presence of PLN and GDP, one may use turbidity to measure the sum of the rate constants for the loss of subunits at the (A) and (D) ends. Under these conditions the rate constants for subunit addition to the microtubule are negligible because the measured disassembly rate remains apparently first-order until depolymerization is complete (not shown).
The S ratio may thus be quickly determined, under various conditions, by assembling microtubules to steady state in a buffer containing 10 mM fructose 6-phosphate. At steady state, 50 tLM PLN is added and the treadmilling rate is determined; then phosphofructokinase is added and the sum of (A) and (D) end disassembly rates is determined. Fig. 3 shows a typical experimental result and values of S are given in the legend.
The S ratio is quite sensitive to the concentration of GTP in vitro (Fig. 4) . When microtubules are assembled in 0.1 mM GTP, S is quite high (0.8), indicating highly efficient treadmilling of subunits. At higher GTP concentrations, S becomes progressively lower.
There are two points to stress. First S is highly variable as conditions of assembly are altered in vitro, as are, presumably, the rate constants which S reflects. Second, treadmilling can be shown to be a highly efficient process, given the proper in vitro circumstances.
In GDP Microtubules Exist in a Metastable State. In a microtubule solution, once GTP is completely hydrolyzed, it is apparent that two events may happen: treadmilling of subunits ceases (Fig. 1) , and any preexisting (A} end PLN cap is lost (Fig.  2) . I examined the fate of microtubules in GDP further and (12) and in microtubules (21) . The result here clearly fulfills the prediction of Wegner's hypothesis on the role of hydrolysis in actin (and microtubule) assembly (12 PLN produces a cap on the microtubule (A) end-that prevents further dimer addition or loss at this site. This capping behavior is the apparent cause of substoichiometric poisoning of microtubule assembly by PLN (6) . There are two points to make as a result of the work presented here. First, the cap forms only many minutes after PLN addition, and GTP hydrolysis is necessary to form the cap. Before this time, (A) end subunits are lost to the solution (the PLN concentrations used here were in molar excess to tubulin). Second, continuing presence of GTP is required to maintain a PLN cap once formed. It is possible that subunits add with GTP hydrolysis, either adjacent to or atop PLN-bearing dimers at the (A) end, and stabilize the PLNbound dimers in the microtubule. However, the PLN has altered either the bond stability or the structure of the polymer that forms beyond this point, or both, so that further assembly is not possible. This result may explain why tubulin and microtubule GTP hydrolysis rates are insensitive to the presence of assembly-blocking drugs (25) .
It would appear, then, that the native mechanism of (A) end microtubule assembly augments the potency of microtubule poisons in the living cell, making them effective at very low concentrations.
Recently, some research groups have confirmed that microtubule treadmilling occurs, but with low efficiency, and have called into question whether it represents a viable cellular mechanism (21, 26) . By using the techniques presented in this article, I was able to measure the relative efficiency with which subunits that add to the microtubule (A) end contribute to treadmilling. Under certain circumstances (low GTP concentration), treadmilling efficiencies were quite high. Under the conditions that Karr and'Purich (26) and Bergen and Borisy (21) In summary, I find that GTP hydrolysis serves two functions in microtubule assembly: (i) permitting a dimer-dimer bond strengthening; and (ii) permitting subunit treadmilling to occur. I find that PLN (and perhaps other microtubule inhibitors) acts in two ways: (i) as a substoichiometric (A) end cap maintained by continuing GTP hydrolysis; and (ii) as an inhibitor (possibly stoichiometric) of the GDP-dependent "equilibrium." Also, I find that there is a GDP metastable state of microtubules. PLN appears to abrogate the GDP metastable state by making GDP subunit addition unfavored. Last, I find that the efficiency of microtubule treadmilling can be made to vary greatly in vitro by simple manipulations of GTP concentration and that treadmilling efficiency can be quite high. The fact that GTP can be expended economically to produce treadmilling argues that the treadmilling mechanism may be an important reason far the evolutionary design that causes GTP hydrolysis to accompany microtubule assembly normally.
